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Introduction
Sexual assault is a major risk factor to develop posttraumatic stress disorder (PTSD) in both male and female populations (1) (2) (3) (4) . Sexual assault is associated with devastating psychological and physical health outcomes (5) (6) (7) (8) (9) (10) , including increased at-risk behaviour (11, 12) . Chronic PTSD has been associated with smaller hippocampal and amygdala volumes (13) (14) (15) (16) (17) , as well as alterations of the hypothalamic-pituitary-adrenal (HPA) axis (18) (19) (20) , but the early neurobiological mechanisms underlying these effects remain unclear.
Trauma exposure is associated with increased sensitivity of the HPA axis that exerts negative feedback on glucocorticoid (cortisol) secretion in the adrenal cortex (21, 22) . Sustained exposure to glucocorticoids is associated with adverse effects on hippocampal and amygdala integrity (22) . Independently of sex, chronic PTSD populations present with dysregulation of the HPA-axis that is responsible for blunted daily cortisol output (18, 19) . However, lower cortisol concentrations in the afternoon (comparatively to samples measured between 8:00 h and 9:00 h) are associated with chronic PTSD only in females exposed to sexual abuse (18) . Consistently, lower morning and higher afternoon cortisol concentrations were evident in a sample of soldiers 5 days following trauma exposure (23) , and in a sample of females within a month after exposure to sexual assault (24) . Cortisol is sensitive to other factors than trauma exposure such as age, sex, type of trauma, comorbidities, time of collection, or time since trauma exposure (18, 20) , indicating that to better capture the early neuroendocrine changes associated with the development of PTSD, longitudinal investigations of age-matched sample of survivors of a similar trauma and from the same sex are needed.
Several meta-analyses (13) (14) (15) (16) , including a recent multi-centre meta-analysis from the Enhancing Neuroimaging Genetics through MetaAnalysis (ENIGMA)-Psychiatric Genomics Consortium (PGC) PTSD working group (including 974 PTSD cases and 1074 controls) (17) , suggest an association between PTSD and smaller hippocampal volume in adult populations with chronic PTSD. Similarly, but to a lesser extent, PTSD is also associated with smaller amygdala volume; however, this effect may be confounded by trauma exposure (16) . Despite this evidence, other studies did not report this association: both a cross-sectional study of females with sexual assault-related PTSD (25) and a longitudinal study (1 week and 6 months post-trauma) (26) , reported no difference in hippocampal volume. Nonetheless, a recent study indicates that early (1-2 months) hippocampal function during the performance of a response inhibition task predicts the development of future PTSD symptoms 3 and 6 months later (27) . Rather than being a consequence of PTSD or trauma-exposure, two studies proposed that having small hippocampal volume is a risk factor to develop PTSD, when exposed to a traumatic event.
Reduced hippocampal volume was evident in both monozygotic twins discordant on their exposure to combat (combat-exposed PTSD and non-exposed twins), relative to non-PTSD combat-exposed and non-exposed monozygotic twins (28) . Similarly, van Rooij et al. found that trauma-exposed veterans had similar hippocampal volumes relative to a healthy comparison group, indicating that reduced hippocampal volume may not be the result of stress and/or trauma exposure (29) . Consistently, a recent prospective study indicates that in the context of no changes in hippocampal volume between 2 weeks and 3 months following a motor vehicle accident, small hippocampal volumes were associated with increased risk for PTSD and re-experiencing symptoms in this population (30) . Finally, there is to date no clear consensus on the relationship between cortisol dysregulation and hippocampal/amygdala volumes in the development of PTSD: while chronicity of stress exposure, rather than stress exposure itself, may be neurotoxic for stress-sensitive brain regions (31, 32) , a recent study in veterans reported no associations between salivary cortisol indices and hippocampal/amygdala volumes (33) .
Aims of the study
To better understand the relationship between neuroendocrine and neuroanatomical changes involved in the development of PTSD, this study investigated the longitudinal neuroendocrine (diurnal cortisol concentrations) and neuroanatomical (hippocampal and amygdala volumes) changes occurring in females within a month (T1) and six months (T2) following their exposure to sexual assault, relative to a sample of females never exposed to sexual assault. We hypothesized that, in addition to our previous finding of lower morning cortisol concentration at T1 (24), trauma-exposed females who will develop PTSD (PTSD+) or not (PTSDÀ) at T2, will present with lower afternoon cortisol concentrations at T2 relative to the control group. In addition, we expected that smaller hippocampal volumes at T1 would be evident in the PTSD+ group at T2, relative to both the PTSDÀ and control groups. Finally, we expected that PTSD+ females at T2 would show lower cortisol levels and smaller hippocampal volumes at T1, and that cortisol levels in the trauma-exposed group at T1 would be associated with smaller hippocampal volume in the PTSD+ group at T2.
Material and methods
This study was approved by an independent research ethics committee (CCP Tours Ouest-1, France; 2010-R36). The project was registered on the ClinicalTrials.gov website (NCT01405495) and was supervised by a clinical investigation monitoring committee (CIC1415, CHRU de Tours, Inserm, Tours, France). All patients consented to participate after being informed of the study's purpose. Participants received a total compensation of 200€ for completing the entire study.
Participants
Participants included 27 females recruited within a month following their exposure to sexual assault (T1); these assaults were rapes from an individual known or unknown to the victims with or without physical violence. They were recruited in collaboration with several sexual assault referral centres and the university hospital of Tours, France. In addition, 20 age-matched females without history of interpersonal sexual abuse were recruited from local community. Exclusion criteria for all participants included history of head injury, substance abuse, current use of psychotropic medication, medical disorders affecting brain function (e.g. epilepsy and tumour), and magnetic resonance imaging (MRI) exclusion criteria. Both victims and controls came back for a second visit (T2) that occurred exactly six months following the victim's sexual assaults. Among them, 10 victims met (PTSD+) and 15 did not meet (PTSDÀ) DSM-IV criteria for PTSD diagnosis according to the Clinician Administered PTSD Scale (CAPS) (34); two victims dropped out from the study after completing T1. Clinical interviews, neuropsychological assessments, cortisol collection and imaging acquisitions were all performed on the same days, at T1 and T2.
Materials
Clinical assessments. All participants were interviewed by a trained psychiatrist (WEH). The assessment rated comorbid depressive symptoms using the self-report Beck Depression Inventory (BDI-II, 13-items) (35, 36) , anxiety levels using the State-Trait Anxiety Inventory (STAI) (37, 38) , peritraumatic dissociative states using the Peritraumatic Dissociative Experiences Questionnaire (PDEQ) (39, 40) , and lifetime dissociative experiences using the Dissociative Experience Scale (DES) (41, 42) . The Mini International Neuropsychiatric Interview (MINI) (43) was used to screen the participants for the presence of any neuropsychiatric disorder.
Salivary cortisol. Salivary cortisol samples were collected using Salivettes (Sarstedt AG & Co, N€ umbrecht, Germany) four times (8:00 h, 24:00 h, 16:00 h and 20:00 h) on the day of scanning at both T1 and T2 (see (24) ). Some analyzes were not performed on all participants for various technical reasons (no collection by the participant, insufficient quantity of saliva for analyses). The quantitative determination of cortisol concentration in saliva was performed using high-performance liquid chromatography coupled to tandem mass spectrometry and using a CHS MSMS steroids kit (PerkinElmer, Waltham, MA, USA). The extraction procedure was performed using acetonitrile containing 0.1% formic acid and internal standard (200 ll) added to saliva samples, controls and calibrators (100 ll) in microplate wells. The microplate was covered and shaken at 750 rpm at 18-25°C for 15 min. Then, the microplate was centrifuged at 4200 RCF at 4°C for 30 min. The supernatant (175 ll) was transferred in another microplate and evaporated to dryness under a stream of high purity nitrogen gas. Each well was reconstituted with 125 ll of a solution containing water/methanol 65/35 v/v and 0.025% formic acid. Aliquots (10 ll) were injected into the LC-MS/MS system, a Xevo Ò TQ-S Mass Spectrometer (Waters, Milford, CT, USA). The liquid chromatographic system performed with an Acquity UPLC Ò HSS T3 column (1.8 lm, 1.0 9 100 mm) (Waters) with an in-line filter. MS/MS analysis was performed using argon as the collision gas and nitrogen as the nebulizer gas. Quantification was performed using multiple reactions monitoring (MRM). Data were acquired and analysed using MassLynx Ò software (V4.1 SCN810; Waters), quantification was performed using targetLynx Ò (V4.1 SCN810; Waters). Cortisol concentrations were used to calculate the area under the curve with respect to the ground (AUCg) (44) , representing an index of total diurnal cortisol changes.
MRI data acquisition and pre-processing. High-resolution T1-weighted MRI 3D volumes sequence (192 contiguous sagittal slices; 1 mm slice Table 1 thickness; TR = 1.9s; TE = 2.48 ms; TI = 0.9 ms; flip angle = 9°; in-plane resolution = 1 9 1 mm) were acquired on a 3T Siemens Magnetom Verio scanner (Siemens AG, Erlangen, Germany) using a 12 channels brain coil for each subject at T1 and T2. All images were visually inspected to ensure that no gross abnormalities were evident. The images were processed using Freesurfer software (version 5.3; http://surfer.nmr.mhg.harvard.edu) (45, 46) following standard preprocessing procedures (recon-all). All steps were quality controlled and manual corrections were performed at each step of the preprocessing pipeline if required. Briefly, extracerebral voxels were removed and scans were registered to the Talairach space and intensity normalized. Images were then segmented into white matter (WM) and grey matter (GM) based on local and neighbouring intensities. The cortical surface of each hemisphere was inflated to an average spherical surface to locate both the pial surface and the WM/GM boundary. Finally, intracranial volumes (ICV) and volumes of subcortical structures of each hemisphere were extracted from the automated segmentation (aseg) (47) . Regions-of-interest (ROIs) consisted of the left and right hippocampal and amygdala volumes that were separately adjusted for ICV, as a proportion of the total brain volume [(ROI/ICV)*100].
Analyses
Sociodemographic and clinical data. As a result of the small sample size, demographic, clinical, neuroendocrine variables did not meet the assumption of normal distribution, and the power of normality analyses was low. As recommended in that case (48, 49) , we used non-parametric statistics in SPSS 24 (IBM). For continuous variables, Mann-Whitney tests were used to compare groups at T1 (controls vs. victims; see Table 1 ) and Kruskal-Wallis tests were used to compare groups at T2 (controls vs. PTSDÀ vs. PTSD+; see Table 2 ); these were followed by post hoc Mann-Whitney tests when significantly different. We also reported the corresponding standardized statistics (z) and associated effect sizes (r = z/√N, where N is the sample size for the test). Chi-square (Χ 2 ) tests were used for categorical variables. Statistical significance was set at P < 0.05.
Cortisol. Non-parametric tests were used to compare groups on each cortisol sample and AUCg at T1 and T2, respectively. We then examined if groups at T2 showed differential AUCg at T1.
Brain imaging. Similarly, non-parametric tests were used to compare groups at T1 and at T2 on the ROIs (adjusted left and right hippocampal and amygdala volumes) at T1 and T2, respectively, and to compare ROIs volumes measured at T1 between groups at T2.
Correlational analyses. At T1, within the victim sample, Spearman's correlations (q) were used to explore the associations between symptom severity (CAPS total score), AUCg and ROI volumes. Similarly, we explored the associations between symptom severity, AUCg and ROIs volumes at T1 and T2 within the pooled sample of victims, as well as within the PTSDÀ and PTSD+ groups separately. Finally, to identify if early aberrant cortisol levels are associated with early and/or late changes in hippocampal volumes, we explored the associations between AUCg at T1 and ROIs volumes at T1 and T2.
Results

Sample characteristics
Descriptive statistics on clinical, neuroendocrine and neuroanatomical data at T1 are presented in Table 1 . Briefly, the victim group was less educated and presented higher levels (all r ≥ 0.68, all P < 0.001) of depressive symptoms (BDI), dissociation (DES), peritraumatic dissociation (PDEQ) and anxiety (STAI) relative to controls. Victims were also significantly more often unemployed than controls. Groups did not differ significantly in terms of age, handedness or marital status. Among the victims, participants reported being in different phases of their menstrual cycle at the time of sexual assault, with seven participants reported being in follicular phase, five in ovulation phase and 11 in luteal phase; four were unable to provide this information. At the time of the first visit (T1), menstrual cycle phases were similarly distributed among groups (Χ 2 = 2.256, df = 2, P = 0.324), with nine victims and five controls were in follicular phase, six victims and three controls were in ovulation phase, and eight victims and 11 controls were in luteal phase; data were missing for one victim and four controls. Table 2 presents descriptive statistics on clinical, neuroendocrine and neuroanatomical data at T2: of the 27 victims included at T1, 10 females (PTSD+) met the DSM-IV criteria for PTSD diagnosis while 15 did not (PTSDÀ) at T2; 2 dropped-out of the study. The PTSD+ presented significantly higher scores on all CAPS domains (all r > 0.48, all P ≤ 0.016) and were significantly older than the PTSDÀ group (r = À0.51, scale; AUCg, area under the curve with respect to the ground. Significant group differences are in bold. P = 0.034). Both the PTSD+ and PTSDÀ groups reported significantly higher levels of depressive symptoms (BDI), dissociation (DES), peritraumatic dissociation (PDEQ) and anxiety (STAI) than controls (all r ≥ 0.56, all P ≤ 0.003), but did not significantly differ from each other. At T2, menstrual cycle phases were also similarly distributed among the groups (Χ 2 = 2.747, df = 4, P = 0.601). In particular, three PTSD+, five PTSDÀ and 10 controls were in follicular phase, one PTSD+ and one PTSDÀ were in ovulation phase, and three PTSD+, seven PTSDÀ and 10 controls were in luteal phase; data were missing for three PTSD+ and two PTSDÀ participants. There were no significant differences (U = 42.500, z = À1.805, P = 0.071, r = À0.36) in the time between the exposure to sexual assault and inclusion at T1 between groups at T2 (PTSDÀ: mean rank = 15. 
Cortisol
At T1, the victims showed significantly lower levels of cortisol at 8:00 h than controls (r = À0.30, P = 0.043), but there were no significant differences in cortisol concentration at 24:00 h, 16:00 h, 20:00 pm or for the AUCg between the groups (all P > 0.05; Table 1 ). At T2, there was a significant effect of group on cortisol concentration at 24:00 h, with the PTSD+ group showing significantly higher concentration than the PTSDÀ group (r = À0.55, all P = 0.026), but not compared to controls (Table 2 ). There was no significant difference on the other measures (8:00 h, 16:00 pm, 20:00 h, AUCg) at T2 (all P > 0.05), and no significant difference between groups at T2 on AUCg at T1 [H (2) = 3.173, P = 0.205].
Hippocampal and amygdala volumes
The victims had significantly smaller left and right hippocampal but not amygdala volumes compared to the control group at T1 (Table 1 and Fig. 1 ). Left (Table 2 and Fig. 3 ).
Correlational analyses
Among the victims at T1, the CAPS total score was significantly negatively associated with left (q = À0.468, P = 0.018), but not right (q = À0.362, P = 0.076) hippocampal volume, as well as with both left (q = À0.488, P = 0.013) and right (q = À0.425, P = 0.034) amygdala volumes. There were no associations between symptom severity and AUCg at T1, or between AUCg at T1 and hippocampal/amygdala volumes at T1 (all P > 0.05). There were also no significant associations between hippocampal volumes at T1 and levels of education, depressive (BDI), dissociative (DES and PDEQ) or anxiety (STAI) symptoms at T1 in the victim group (all P > 0.05; see Table S1 ).
Within the pooled sample of victims, CAPS total scores at T1 were significantly associated with decreased left (q = À0.397, P = 0.049) and right hippocampal volumes at T2 (q = À0.494, P = 0.012), as well as with decreased right (q = À0.454, P = 0.023) but not left amygdala volumes or AUCg at T2 (all P > 0.05). Increased symptom severity at T2 was significantly associated with decreased left hippocampal volume at T1 (q = À0.518, P = 0.008), but not with changes in the right hippocampal/bilateral amygdala volumes or AUCg at T1 (all P > 0.05). In addition, CAPS total scores at T2 were not significantly associated with hippocampal/amygdala volumes and AUCg at T2 (all P > 0.05).
Within the PTSDÀ group, increased symptom severity at T1 was associated with decreased hippocampal (left: q = À0.753, P = 0.001; right: q = À0.674, P = 0.006) and amygdala volumes at T1 (left: q = À0.656, P = 0.008; right: q = À0.545, P = 0.036), but not with changes in AUCg at T1 (q = À0.269, P = 0.333) and was significantly associated with decreased hippocampal (left: q = À0.541, P = 0.037; right: q = À0.602, P = 0.018) but not with changes in amygdala volumes or AUCg at T2 (all P > 0.05). There were no significant associations between hippocampal volumes at T1 or T2 and levels of education, depressive (BDI), dissociative (DES and PDEQ) or anxiety (STAI) symptoms at T2 in this group (all P > 0.05; see Supplementary Table) . Increased symptom severity at T2 was significantly associated with decreased left hippocampal volumes at T1 (q = À0.554, P = 0.032), but not with changes in the right hippocampal/bilateral amygdala volumes or AUCg at T1 (all P > 0.05) and was not significantly associated with hippocampal/amygdala volumes and AUCg at T2 (all P > 0.05).
Within the PTSD+ group, there were no significant associations between symptom severity, AUCg or hippocampal/amygdala volumes at T1 or at T2 (all P > 0.05). There was a significant association between right hippocampal volumes at T2 and levels of depressive symptoms (BDI) reported at T2 (q = 0.664, P = 0.044), but no other significant associations between hippocampal volumes at T1 or T2 and levels of education, dissociative (DES and PDEQ) or anxiety (STAI) symptoms at T2 in this group (all P > 0.05; see Supplementary Table) . Finally, there were no associations between AUCg at T1 or T2 and hippocampal/amygdala volumes at T1 or T2 (all P > 0.05).
Discussion
For the first time, this study investigated the longitudinal neuroendocrine (diurnal cortisol) and neuroanatomical (hippocampal and amygdala volumes) changes occurring in females three weeks (T1) following exposure to sexual assault, and the associations of these changes with the development of PTSD at a six months (T2) follow-up assessment. In addition to lower morning (8:00am) cortisol (24), females exposed to sexual assault at T1 had smaller hippocampal volumes, but not amygdala, and similar total diurnal cortisol changes (AUCg) relative to females who have never been exposed to sexual assault. At T2, victims who developed PTSD (PTSD+) had higher cortisol concentrations at 24:00 h relative to those who did not (PTSDÀ), but groups (PTSD+, PTSDÀ and controls) showed similar total diurnal cortisol changes (AUCg), and hippocampal and amygdala volumes. Importantly, the PTSD+ group had smaller hippocampal volumes at T1 relative to the control group, but not compared to the PTSDÀ group. In the context of relatively low symptom severity at T2, smaller left hippocampal volumes at T1 were associated with increased symptom severity in the PTSDÀ group. There were no associations between symptom severity at T1 or T2 and hippocampal volumes at T1 or T2 in the PTSD+ group. Finally, there were no associations between AUCg at T1 or T2 and hippocampal volumes at T1 or T2 in the trauma-exposed groups. In this longitudinal study, victims of sexual assault had smaller hippocampal volumes three weeks post-trauma compared to healthy controls. Importantly, smaller hippocampal volumes at T1 were also evident for the victims who developed PTSD six months post-trauma, but not for the victims who did not develop PTSD; this was in the context of identical hippocampal volumes between the victim groups when measured six months posttrauma. These findings are consistent with small hippocampal volumes being a risk factor to develop PTSD when exposed to a traumatic event (28) (29) (30) 50) . In addition, consistent with previous reports, diurnal cortisol changes at T1 were not associated with the development of PTSD symptoms (20) or hippocampal volumes at T2 (22) . Altered hippocampal integrity in PTSD is critically involved in aberrant contextual modulation of memories (51, 52) and in suppressing fear when in safe contexts (53, 54) . It is therefore possible that pre-existing smaller hippocampal volume may participate in inadequately processing trauma-related information, associating non-trauma-related context as unsafe and contribute to a failure to "remit" from trauma exposure. While previously reported in male military samples (28, 29) , this study is the first, to our knowledge, to present evidence of small hippocampal volume being a risk factor for developing PTSD in a female civilian sample. A complementary explanation includes the effects of exposure to previous traumatic events, particularly during childhood (55, 56) , that may have contributed to the observed smaller hippocampal volumes (57) and/or dysregulated HPAaxis function (58) , in the group of victims who developed PTSD. Future larger longitudinal studies would benefit from studying the cumulative effects of trauma exposure from childhood through adulthood in PTSD. In addition, it is possible that decreased symptom severity observed between T1 and T2 may have influenced the lack of difference in hippocampal volume at T2, similarly to the observed effects of treatments in reducing symptoms and increasing hippocampal volumes (59) . It is also possible that chronicity of the disorder over six months may have greater impact on hippocampal integrity than the effects observed in the present study (32, 60) . Overall, as this risk factor is common amongst both civilian and military, as well as among males and females, it is important to develop and generalize the delivery of appropriate first-line therapeutic strategies (61, 62) . This may involve adequately modulating hippocampaldependent contextual memory and fear processing early following trauma exposure, by normalizing hippocampal function and morphology (59) . Future longitudinal studies of larger samples exposed to different types of trauma in both male and female samples, evaluating the efficacy of early treatment, are required.
Controls
In addition to lower morning cortisol in victims three weeks following exposure to sexual assault (24) , this study indicates that victims who developed PTSD at the six-month follow-up, showed higher midday cortisol concentrations relative to the victims who did not develop PTSD. These findings are at odds with previous meta-analytical results indicating lower afternoon concentrations relative to morning cortisol measures in chronic PTSD female victims of sexual assault (18) . One reason for these discrepant results may be due to the relatively small sample size of the present study, and larger studies may be able to detect more subtle effects. However, in the context of no association between cortisol levels and symptom severity at T2, it is possible that higher midday cortisol in victims who developed PTSD may reflect greater sensitivity of the HPA-axis function to a stressful event, likely being the participants' visit to the clinical interview and imaging session. This interpretation remains speculative, and further investigations in larger samples are required; in particular, to rule out any stressful effect associated with the clinical interview, it would be of interest to compare cortisol samples collected on the day of the interview to samples collected on another day. Importantly, at both T1 and T2, total diurnal cortisol changes (AUCg) were not different between groups. Therefore, while changes in cortisol concentrations during the day may be different in PTSD, they do not affect the global cortisol output of female victims of sexual assault. Future studies of larger statistical power are required to better capture the relationship between diurnal cortisol changes and the development of posttraumatic symptoms in victims of sexual assaults. The present findings should be considered in light of the following limitations. First, the limited sample size of participants included in this study may have limited the statistical power to unravel the true impacts of the development of PTSD symptoms on neuroendocrine measures (AUCg), likely due to increased rates of type II errors. Despite the difficulties to recruit and follow up victims of sexual assault, larger multicentre longitudinal studies are necessary to better identify these changes and understand their involvement in the development of PTSD. Second, the choice of salivary cortisol measures is arguably adequate. In particular, while necessary to investigate the overall diurnal changes in cortisol levels, the morning measure was potentially confounded with the cortisol awakening response. Third, while the distributions of the menstrual cycle phases were similar among the groups, we could not rule out the effects of each phase specifically (63) . Notably, females exposed to trauma in the mid-luteal phase of their menstrual cycle (that is when progesterone levels are high) are more likely to experience intrusive memory (64) , as progesterone may facilitate the consolidation of trauma-related memories (65) . Studies of larger samples are required to disentangle the relationship between these different biological factors. Finally, exposure to previous traumatic events, including childhood trauma, may have contributed to the observation of smaller hippocampal volume (57) and altered HPA-axis function (58) in the PTSD+ group. Likewise, it is possible that previous traumatic exposure that did not lead to the development of long-term posttraumatic stress symptoms in healthy (resilient) individuals may have increased the neurobiological heterogeneity of the control group.
In conclusion, the present study adds evidence for smaller hippocampal volume being a risk factor to develop PTSD in female victims of sexual assault. While increased midday cortisol concentrations was evident in females who developed PTSD six months after exposure to sexual assault, PTSD symptoms and hippocampal volumes were not associated with overall diurnal cortisol changes. Future longitudinal studies of larger sample size are required to better understand the neurobiological changes occurring in the aftermath of sexual assaults, and implicated in the development of PTSD symptoms. This includes recording information on previous exposure to traumatic events from childhood through to adulthood.
